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INTRODUCTION 
A knowledge and a systematic evaluation of the informational 
molecules (nucleic acids) could provide a basis for the classifica­
tion of any biological group. Thé foundation for such a classifica­
tion system will lie in the careful characterization of deoxyribonu­
cleic acid (DNA) isolated from microorganisms. The characterization 
of bacterial deoxyribonucleic acid (UNA) is one step in the develop­
ment of molecular criteria that may be used to classify bacteria. 
Bacterial DNA may be characterized by its base ratio, that is, 
its overall per cent guanine plus cytosine (%GC) content. DNA base 
ratios have been determined by gas-liquid chromatography (MacGee, 
1966), thin layer chromatography (Harris and Warburton, 1966), meas­
urement of optical rotation (T'so, et , 1962), dèpurination 
(Huang and Rosenberg, 1966), u11racentrifugation (Schildkraut, 
e^ a]^., 1962; Vinograd and Hearst, 1962), electron microscopy with 
base-specific stains (Beer, e^ , 1966) thermal dénaturai ion 
(Marmur and Doty, 1962), and spectral analysis (Felsenfeld, 1968; 
Felsenfeld and Hirschman, 1965; Hirschman and Felsenfeld, 1966). 
The method of choice depends on the purpose of the experiment and on 
how accurate the results must be. 
The two methods used most commonly to date are ultracentrifuga-
tion and thermal denaturation. Ultracentrifugation studies have the 
advantage of requiring only small quantities (1 pg) of relatively un-
purified DNA. The uncertainty in determining buoyant densities by 
uIt racent r ifugat ion is about O.OOl g/ml, which corresponds to 1% GC 
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(Sueoka, ejt , 1959), Thermal denaturation studies have the dis­
advantage of requiring highly purified DNA, but the base ratios ob­
tained by this method are very accurate and reproducible. Marmur 
and Doty (1962), studying thermal denaturation, found that the tem­
perature midpoint of the thermal transition could be determined with 
an average precision of i 0,4 C, which corresponds to i 1% GC. How­
ever, Geiduschek (1962) and Felsenfeld and Sandeen (1962) have found 
the use of extremely sensitive thermosensors results in an average 
precision of i 0.15 C. 
Thermal denaturation occurs as heat is applied to an appropriate 
solution of DMA, The double stranded molecule undergoes a transi­
tion from an ordered helical structure to a random coil resulting in 
single stranded molecules. The transition can be measured by observ­
ing the accompanying increase in optical density at 260 nm as the 
temperature increases. Generally, the denaturation of DNA is depict­
ed graphically as a plot of optical density against temperature. The 
results of such a plot take the form of a sigmoid curve commonly re­
ferred to as a thermal denaturation or thermal transition curve. The 
temperature range over which a given DNA molecule 'melts' is deter­
mined by its overall base ratio. The two DNA strands, under physio­
logical conditions, are held together by hydrogen bonds between pairs 
of complementary purines and pyrimidines. Adenine is always attached 
lo thymine on the complementary strand by two hydrogen bonds, whereas 
guanine always bonds to cytosine by three hydrogen bonds. These are 
strong hydrogen bonds so more heat is required to disrupt three hy­
drogen bonds than two hydrogen bonds. Consequently, double-stranded 
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DNA mol.ecul«s which contain large numbers of G-C base pairs melt at 
higher temperatures than those DMA molecules which contain lesser 
numbers of G-C base pairs. The overall base ratio of a given DMA 
molecule can be determined by observing the temperature at the mid­
point of the thermal transition curve (T^) and making the appropri­
ate computations (Mande1 and Marmur, 1968). 
Although the intact chromosome of Escherichia coli, for ex-
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ample, has been estimated to have a molecular weight of 10 daltons 
(Massie and Zimm, 1965), DMA isolated by the Marmur procedure (1961) 
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has a molecular weight of about 10 daltons. Therefore, each orig­
inal DNA molecule has been sheared into 100 or so fragments. Thus, 
the thermal transition curve is a cumulative frequency distribution 
of the denaturation of a population of DNA fragments with slightly 
different individual base ratios. The cumulative frequency distri­
bution can then be compared to a nearly normal distribution such as 
one gets when adenyl-thyrnjd polydeoxyribonucleotide (poly dAT) is 
subjected to thermal denaturation (Krieg, Ph.D. Thesis, 1968). Mo­
lecular weight of the DNA does not greatly alter the thermal tran­
sition curve unless the DNA is degraded to pieces smaller than 10^ 
daltons (Crothers, 1964; Crothers, et al., 1965; Doty, e^ a^., 1959; 
Marmur and Doty, 1962; Miyazawa and Thomas, 1965). The melting 
curves for the smaller molecular weight samples are skewed toward 
Lower temperatures (not a perfect Gaussian distribution) and have 
a slightly lower temperature midpoint as compared to the higher 
molecular weight samples (De Ley and Van Muylem, 1963). 
The overall %GC content for bacterial WA has been used in 
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conjunction with numerical taxonomy in an attempt to improve the 
present system of classifying bacteria (Côlwell and Mande1, 1964 and 
1965; De Ley, 1969; De Ley and Van Muylem, 1963; De Ley, et al., 
1966; Silvestri and Hill, 1965; Sneath, 1964). These comparisons 
have been very valuable, but because overall base composition is at 
best a crude reflection of the nucleotide sequence in an intact DNA 
molecule, inconsistencies are sometimes observed. The fact that 
manifestly different species of bacteria may have similar G-C ra­
tios has led to the assumption that the base pairs (guanine plus 
cytosine, adenine plus thymine) must be arranged in different orders 
in the EWA of different bacteria. Several elegant techniques have 
been used to confirm this assumption. These techniques include 
thermal elution of DNA fragments from hydroxyapatite columns 
(Miyazawa and Thomas, 1965), ultracentrifugation of fragments of 
sheared molecules (Cheng and Sueoka, 1963; Martin and Hoyer, 1967: 
Sueoka, 1961), and determination of nearest-neighbor base frequen­
cies (Bellett, 1967; Josse, et al., 1961). Hybridization between 
DNA molecules has made it possible to detect areas of homologous 
nucleotide sequences aunong closely related bacteria (Denhardt, 1966; 
McCarthy and Bolton, 1963; Schildkraut, et al., 1961). Krieg 
(Ph.D. Thesis, 1968) has treated the thermal transition curves of 
DNA samples as cumulative frequency distributions of individual 
fragments which differ in average base composition and hais corre­
lated the results with numerical taxonomic studies. He used the T 
m 
(temperature at which half the molecules melt), mean T (température 
at which the average molecule melts), standard deviation, and the 
5 
third and fourth standard moments in comparing the cumulative fre­
quency distributions of DNA fragments from different organisms. The 
statistical values describing denaturation curves were characteris­
tic and constant (independently of overall base composition) for DMA 
from a given organism and were different and distinctive for differ­
ent organisms. and mean T are both measures of the midpoint of the 
transition. T is the temperature used by most workers in computing 
in 
base ratios, but Krieg (Ph.D. Thesis, 1968) found that the mean T 
gave more accurate estimates of base ratios. 
Another technique, which measures the absorbance changés over a 
wide spectrum of ultraviolet light at each one degree rise in tem­
perature during thermal denaturation, has been developed by 
Felsenfeld and Hirschman (1965, 1966, 1968). Their method employs 
spectral parameters for each wavelength which were derived from dif­
ferent bacterial DNAs of various G-C content. Using the equations 
and spectral parameters of Felsenfeld and Hirschman, one can calcu­
late the overall !'«GC ratio and the mole fraction of A-T and G-C 
pairs that have melted during each temperature interval. Thus, it 
is possible to determine the composition of successively denaturing 
regions of the DNA molecule in the course of a thermal denaturat ion 
experiment. 
Spectral analysis has been used to demonstrate heterogeneity of 
base composition within the b2 region of Lambda bacteriophage DNA 
(Hirschman, et al., 1967). Falkow and Cowie (1968) have shown that 
intramolecular heterogeneity of the DNA is a common property among 
temperate bacteriophages. Votavova, e^ al. (1968), using their own 
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version of spectral analysis, compared the heterogeneity of DNA iso­
lated from bacteriophages, bacteria, plants and animals. They con­
cluded that there is no unambiguous relation between the composi­
tional heterogeneity of successively melting DNA regions and the 
amount of information that a given DNA. can transfer. Thus, spectral 
analysis can be used to determine intramolecular heterogeneity in 
nucleic acids. The disadvantages of spectral analysis are the large 
amounts (at least 15 ml containing 35 to 45 pg/ml) of highly puri­
fied DNA (several deprotenizations) required, the length of time in­
volved to complete one experiment (12 to 16 hours), the extreme care 
and precautions necessary in collecting the data (i.e., controlling 
the temperature increment, etc. ), and the requirement of a computer 
service for solution of the equations. However, if one can overcome 
these disadvantages, extremely useful data can be obtained for the 
characterization of bacterial DNA, 
In this investigation, DNA from a number of bacteria was in­
vestigated by means of the spectral analysis of Felsenfeld and 
Mirschman (1965, 1966, 1968) and the frequency distribution analysis 
of Krieg (Ph.D. Thesis, 1968). The combination of these two methods 
provides means for detecting the existence of fragments of a DNA 
molecule with differing individual base compositions. This combina­
tion permits a more precise quajititive characterization of bacterial 
DNA which should be useful to the taxonomist because it will permit 
him to distinguish between molecules whose overall base compositions 
are nearly identical. Results are also presented which show how the 
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growth rate and environment affect the distribution of base pairs 
on the DNA molecule of bacteria. 
8 
MATERIALS AND METHODS 
Organisms. Escherichia coli, American Type Culture Collection 
strain 9637, Pseudomonas aeruginosa strain X (Burke and Pattee, 
1967), Staphylococcus aureus strain 665 CT", and Lambda bacterio­
phage C^ from the culture collection of the Iowa State University 
Bacteriology Department were used in this investigation. Stock cul­
tures were maintained on Brain Heart Infusion (Difco, 1951) agar 
slants at 5 C. 
Media. Escherichia coli was grown in nutrient broth in batch 
culture. The composition of the media used with continuous culture 
for balanced growth studies is given in Table 1. 
Table 1. The composition of carbon limiting and nitrogen limiting 
media employed in balanced growth studies of Escherichia 
coli 9637. 
Nitrogen Limiting Carbon Limiting 
(^"4)2^04 1.88 mM ( M (4)280^ 7.50 mM 
Glucose 24.00 mM Glucose 8.00 mM 
MySO^ 1.00 mM MgSo4 1.00 mM 
L-Lysine-HCl 75.00 HM L-Lysine-HCl 75.00 MM 
L-Valine 75.00 |iM L-Valine 75.00 jiM 
I Leuc ine 75.00 |iM L-Leuc ine 75.00 l-iM 
Uracil 0.50 mM Uracil 0.50 mM 
KH PO^ 0.20 M KH2PO4 0.20 M 
KafiP '4 0 20 M K2HPO4 0.20 M 
The amino acids and uracil were added so that future experiments 
could be designed to study the rates of synthesis of various macro-
molecular compounds. Pseudomonas aeruginosa was grown in nutrient 
broth in batch culture. StanhyLococcus aureus was grown in a 
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completely defined synthetic medium (Weaver and Pattee, 1964) in batch 
culture. All incubation was at 37 C. 
Propagation and Purification of Lambda Bacteriophage. A non-
lysogenic strain of Lajnbda bacteriophage was allowed to infect (mul­
tiplicity of infection = 1.0) an overnight culture of Escherichia 
coli strain W3110 grown in a peptone salts medium containing 10 g 
Bacto-peptone, 5 g NaCl, 1 g glucose, 100 ml of Tris (tris(hydroxy-
methyl)aminomethcuie)buffer, pH 7.5, and 10 ml of 0.1 M MgSO^ made up 
to one liter. The culture was then vigorously aerated for 7 to 9 
hours until no further drop in optical density at 590 nm was ob­
served. The pH was adjusted to 7„2, 0.35 g/L Celite (diatomaceous 
silica, Johns-Manville Products Corp., New York, N. Y.) was added, 
and the cell debris was removed by centrifugation for 20 minutes at 
3,300 X g in a Sorvall Model RC-2 refrigerated centrifuge (Ivan 
Sorvall, Inc., Norwalk, Conn.). The supernat&nts were pooled and 
warmed to 36 C; then 1 mg of deoxyribonuclease (Worthington Biochem­
ical Corp., Freehold, N. J.) was added. After 10 minutes, 1 mg of 
ribonuclease (Worthington Biochemical Corp.) was added. At the end 
of 20 minutes, 100 mg of pancreatin (Fisher Scientific Co., Chicago, 
111.) was added and enzyme activity was allowed to occur for an ad­
ditional '30 minutes. Celite was then added (0.35 g/L), and the sus­
pension filtered through 1 g of Celite on a #3 Whatman filter paper 
in a 9 cm Buchner funnel. This process was repeated until the fil­
trate was clear. Another 0.35 g/L of Celite was added to the clear 
filtrate and the suspension was rapidly passed through an HA 0.45 
Millipore membrane (Millipore Corp., Bedford, Mass.). If the 
filtration process was too slow, phage particles would absorb to the 
membrane resulting in a reduction in the number of phage particles 
per ml. The Lambda bacteriophage were then sedimentéd by centrifu-
gation in a fixed-angle, aluminum, type 42 rotor in an L2-65B Beck-
man Preparative Ultracentrifuge (Beckman Instruments Co., Fullerton, 
Calif.) at 105,000 x g for one hour. The pellets of Lambda phage 
were resuspended in 12 ml of suspension medium (Wu and Kaiser, 1967). 
A stock solution of suspension medium consisted of 6 ml of 1 M Tris 
(tris(hydroxymethyl)aminomethane)buffer, pH 7.5, 0.12 g MgSO^, 4 g 
NaCl, 0.05 g gelatin, and deionized water to make 100 ml. The stock 
solution was diluted 1:10 with sterile deionized water for use. The 
resuspended Lambda phage were sedimented by centrifugation in the 
swinging bucket titanium rotor SW 56 in the L2-65B preparative ul^ 
tracentrifuge at 160,000 x g for one hour. The pellets were resus­
pended in 7 ml of suspension medium and the titer was determined. 
Titration of Lambda Bacteriophage. Escherichia coli strain 
W3110 was allowed to grow overnight in an unaerated peptone salts 
broth. The cells were harvested the following morning in a Sorvall 
Model RC-2 refrigerated centrifuge at 13,200 x g for 10 minutes. 
The cells were resuspended and washed once in 50 ml of 0.01 M MgSO^. 
After this washing, the cells were aerated for 1 hour at 36 C. Then 
0.3 ml of the bacterial suspension was mixed with 0.05 ml of the dil­
uted Lambda phage. The mixture was allowed to stand for 15 minutes 
at 36 C. At the end of this time 2.5 ml of warm (45 C) soft agar 
(peptone salts plus 0.6% Bacto-agar) was added. This was shaken and 
immediately poured onto dried peptone salts agar (1.2%) plates. 
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After incubation at 37 C for 16 hours, the plates were examined to 
determine the plaque-forming units per ml. The titer of the puri­
fied Lambda phage was between 5 x 10^^ and 1 x 10^^ phage per ml. 
Preparation of Phenol and Extraction of DNA from Lambda Phage. 
Fifty grams of freshly distilled phenol were added to 20 ml of Tris 
(tris(hydroxymethyl)aminomethane) - HCl buffer, pH 7.0, containing 
0.07 g of 8-hydroxyquinoline. The mixture was incubated overnight 
at 37 C in the dark and used the following day. 
All glassware used in the phenol extraction procedure was heat-
sterilized before use. This procedure was carried out at 5 C. One 
volume of phenol was added to one volume of purified Lambda phage, 
and the mixture was gently swirled for 15 minutes. The mixture was 
then centrifuged in a Sorvall Model RC-2 refrigerated centrifuge at 
9,750 X g for 10 minutes. The aqueous layer was removed and the 
procedure was repeated twice. Residual phenol was removed by wash­
ing the Lambda DNA solution three times with absolute ether. The 
purified Lambda DNA solution was placed inside thoroughly washed di­
alysis tubing (16 mm) and dialyzed for 5 days (with frequent changes 
of buffer) against phosphate salts buffer containing 0.0085 M 
0.0145 M K2HPO4, 0.100 M NaCl, and de ionized water at f>H 
7.0. The dialyzed DNA solution was stored in sterile serew-capped 
tubes at 5 C. 
Continuous Culture System. The growth vessel and continuous 
culture system used in these studies have been described by Miore 
(Ph.D. Thesis, 1969) and Wright (Ph.D. Thesis, 1964). The system 
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consists of a large reservoir, a precision metering pump, a growth 
vessel, an aeration apparatus and control panel, and a vacuum siphon 
and receiving vessel. The medium is pumped from the large reservoir 
to a 37 C pre-warm coil via a Beckman Model 746 solution metering 
pump. Fresh medium enters the growth vessel immediately below the 
sparger so that rapid mixing and dispersion will occur. The vacuum 
siphon overflow tube maintains a constant 510 ml volume of culture 
! : 
by siphoning culture medium over into the receiving vessel as the 
fresh medium entering the growth vessel increases the culture volume 
to more than 510 ml. Thus, fresh medium is constantly entering the 
growth vessel as spent medium and cells are leaving. To arrest 
growth and inhibit enzyme activity, the cells are collected over 
crushed ice and 2,4-dinitro-phenol (Baker Chemical Co., Phillipsburg, 
N.J.) in the receiving vessel. 
An airflow metering device described by Ecker and Lockhart 
(1959 and 1961) was used to control the aeration of cultures. Aera­
tion rates were maintained at an oxygen absorption rate in excess of 
40 mM of Og/L/hr as determined by the sulfite reduction technique 
described by Ecker and Lockhart (1959). This rate will support the 
growth of Escherichia coli up to a population of lO^^cells/ml of me­
dium (Ecker and Lockhart, 1961). 
Inocula were 5 ml of cells washed with the appropriate growth 
medium from an overnight culture on a BHI agar slant. Addition of 
the inoculum to the growth medium gave an initial optical density of 
the growth medium of less than O.L at 540 nm. Growth was measured 
periodical Iy in a Mcckman-Spinco Model 151 Spectrocolorimeter. When 
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the bacterial population had increased enough to cause an optical 
density of 0.6 at 540 nm, dilution of the culture with fresh medium 
was started. 
The desired growth rates were obtained by regulating the flow 
of medium through the system according to the equation: R a V/W 
where R is the growth rate in generations per hour, W is the volume 
in ml of medium maintained in the culture vessel, and V is the over­
flow rate from the system in ml per hour (Wright, 1964; Herbert, 
e^ , 1956). Pump rates were used which would establish balanced 
growth at rates of 0.75 or 0.25 generations per hour in either ni­
trogen or carbon limited growth systems. A state of balanced growth 
was considered to exist if, aifter two generations and during the 
collection period, the optical density of the culture did not vary 
by more than - 0.02 optical density units at 540 nm. 
Evidence that shows the steady state population was limited in 
its growth by the available nitrogen or carbon source is presented 
in Figures 1 and 2. In these figures the steady state population, 
as measured by optical density at 540 nm, is plotted against the 
concentration of growth limiting substrate (glucose or (NH^)2S0^). 
Hoth figures resemble a bacterial growth curve, but they should not 
be so construed. The points plotted are not populations in a single 
culture at successive times, but the steady state populations at­
tained in different cultures with different concentrations of the 
limiting substrate. Figures 1 and 2 show that different steady 
states were established when the concentration of glucose and 
Figure 1. Plot of the different steady-states established as measured by optical density 
of the culture at 540 nm, when the concentration of glucose is varied in the 
growth medium. 
0 was the steady-state used in this investigation, at 0.76 gen/hr. 
the result when glucose is left out of the growth medium entirely. 
\ 
OB 
0.7 
5 0.6 
< 
ci 0.5 
6 
UJ 
I-
< 
H-
CO 
Ë 
Sj 
H 
(/) 
0.4 
0.3 
02 
VI 
0.1 
CONTROL: 
I r ZL m. 
8 10 12 
mM GLUCOSE 
14 16 18 20 22 24 
Figure 2. Plot of the different steady-states e^jablished as measured by optical density 
of the culture at 540 nm, when the concentration of varied in the 
growth medium. 
0 was the steady-state used in this investigation at 0«75 gen/tir » 
the result when (NH^)2S04 is left out of the growth medium entirely. 
STEADY STATE 0. D. AT 540 
O P P 
l\) OJ 
T 
nm 
T 
g P 
Ul 
o 
b> 5 
8 
- s 
T T T 
ro 
CM 
3 
S 
2 ^  
ro"^ 
Oi 
00 
(0 
IT 
18 
(NH4)^04 was varied. All other ingredients were képt at the same 
concentration. When glucose or (NH^)2S04 was left out of the culture 
medium, no growth occurred and no steady stàte was established in 
either system. The crossed circle in each figure indicates the bal­
anced growth system selected for use in this investigation; To be 
sure that no other ingredient in the culture medium was limiting 
growth, a series of experiments was- conducted wherein the concen-
t 
t rat ions of glucose and (NH^ were kept constant in their respec­
tive growth limiting media. Then the concentrations of the other in­
gredients were varied to see if a different steady state population 
would be attained. No evidence was obtained from these experiments 
which indicated that some other ingredient was limiting growth. 
Once a state of balanced growth existed, between 1.5 and 2 lit­
ers of culture were collected in a receiving vessel that contained 
crushed ice and 10 ml of 0.1 M 2,4-dinitro-phenol. Cells were re­
moved from the culture by centrifugation at 16,300 x g for 10 min­
utes at 5 C in a Sorvall Model lîC-2 refrigerated centrifuge. The 
cells were washed with a solution of saline EDTA which consisted of 
0.15 M NaCl, 0.1 M ethylenediamine-tétraacetic acid (EDTA), pH 8.0, 
centrifuged, and resuspended in 40 ml of the saline EDTA. If the 
cells were not subjected to DNA extraction immediately, they were 
stored at -20 C until needed. 
Extraction of Bacterial DNA. A modification of the Marmur pro­
cedure (1961) for the isolation of DNA was used. All the organisms 
except Staphylococcus aureus were lysed with sodium lauryl sulfate. 
A staphyloLytic enzyme isolated from Pseudomonas aeruginosa (Burke 
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and Pattee,1967) was used to lyse Staphylococcus aureus. The DNA 
of Staphylococcus aureus was isolated by the Massie and Zinun (1965) 
procedure with a deprotenization step using chloroform and isoamyl 
alcohol added at the end to ensure complete removal of protein. 
With Escherichia coli and Pseudomonas aeruginosa the Marmur proced­
ure (1961) was followed except that 2 volumes of ethyl alcohol (in­
stead Of isopropanol ) were used to precipitate the DNA.. 
The DNA was splooled on a glass rod and dissolved in a phosphate 
salts buffer (0.0085 M KlI^HPO^, 0.100 M NaCl plus deionized water) 
at pH 7.0. 
The DNA in solution was placed in thoroughly washed dialysis 
tubing (16 mm) and dialyzed for 3 or 5 days against phosphate salts 
buffer. The ratio of phosphate salts buffer to DNA solution was 
500:1, and the buffer was changed every 12 hours if the DNA solution 
was dialyzed for 3 days, or it was changed daily if the DNA solution 
was dialyzed for 5 days. Either procedure was satisfactory. After 
dialysis the DNA solution was placed in a sterile screw-capped er-
lenmeyer flask. A portion of the DNA solution was removed and the 
DNA concentration determined spectrophotometrically at 260 nm. Ap­
propriate dilutions with phosphate salts buffer were made so that 
the final solution had an optical density between 0.7 ajid 0.9 at 
260 nm, which corresponded to 35 fxg and 45 jig of DNA per ml. 
Buoyant Density Determinations. The buoyant densities of the 
various DNA samples were determinied using the Beckman-Spinco Model 
IÎ analytical ultracentrifuge according to the procedure of Mande 1, 
cl a L. (190H), and the %GC was calculated from the equations of 
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Schildkraut, et al. (1962). 
Spectral Analysis of DNA. The DNA solutions, at concentrations 
between 35 and 45 jig/ml, were placed in standard, 10 mm, silica, tef-
1on-stoppered cuvettes. The cuvettes, which had a capacity of 3 ml, 
were filled with 2.6 ml of saunple and overlaid with 0.2 ml of clear 
mineral oil. The mineral oil and the teflon stopper prevented any 
evaporation of the solvent. All spectral measurements were taken 
with a multiple sample absorbance recorder (Model. 2000, Gilford In­
strument laboratories, Inc., OborLin, Ohio) having the monochrometer 
of a lieckman DU Spectrophotometer. The temperature of the cell com­
partment was recorded through a platinum thermosensor, and the thér-
mospacers were attached to a Haake Ultrathermostat (PolyScience 
Corp., Evanston, 111.) for circulating hot ethylene glycol (75% in 
water). 
The absorbance of the DNA samples at ambient temperature was 
measured at 260 nm. The temperature of the cell compartment was 
th(?n increased to a point some 11 C below the anticipated melting 
point of the DNA, and 1 hour was allowed for thermal and chemical 
cqui Librium to be achieved. The absorbance at each of fifteen wave­
lengths, 220 through 290 nm in 5 nm increments, was then measured at 
this temperature aind at 1 C increments. Twenty minutes was allowed 
for equilibration between each 1 C rise before readings were taken. 
Denaturation of the samples was considered to be complete when no 
appjreciabie change in absorbancy occurred at 260 nm. 
Characterization of the Thermal Transition Curve. The mean T 
was defined as (]^FiTi)/N, where Fi are the frequencies (percentage 
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ot" total charuje in absorbance) rocordotl for each temperature Pi, and 
N is equal, to the total absorbance chanye ( ^  Fi ). The mean melting 
tem|iei*ature was then converted to %GC according to the relation: 
%GC = (mean T - 16.6 log M) - 81.5/0.41, where M is the molar salt 
concentration (Schildkraut and Lifson, 1965). The standard devia­
tion (Q-) was def ined as"\/(N^Fi ( Ti )^ FiTi )^ )/N^ and was express­
ed in degrees centrigrade. The standard (Z) value for each temper­
ature was then computed: Zi = (Ti - T mean)/Q~. Finally, the third 
and fourth standard moments (SM3 and SM4) were computed for each 
distribution according to the relation: 
SM3 =2|(Fi/N)(Zi)^ 
SM4 = 2(Fi/N)(Zi)'^ 
SM'i is a measure of skewness in the distribution. Its value is zero 
for a symmetrical distribution, negative for a distribution skewed 
to the left (lower temperature), and positive for a distribution 
skewed to the right (higher temperature). SM4 is a measiure of kur-
tosis or 'peakedness*. Its value is 3,0 for a normal distribution, 
less for a flattened distribution (1.8 for a line) and greater than 
'5.0 if the peak is sharp. 
Computations of Spectral Data. The concentration of the DNA 
in moles of nucleotide per liter and the overall mole fraction of 
adenine plus thymine (A-T) and guanine plus cytosine (G-C) for each 
of the DMA samples were determined from the denatured and hyper-
chromic spectra by the calculations of Felsenfeld and llirschman 
( 1 061 ), llirschman and Felsenfeld (1.966), and Felsenfeld (1968). A 
summary ot their theoretical treatment is presented in the appendix. 
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tocjethor with their specific equations and spectral parameters, 
which were used in the calculations reported here. The absorbance 
in all cases was corrected for the thermal expansion of the solvent 
with the ratio of the specific volume of water at the temperature of 
measurement to the specific volume at 4 C. Also, the difference be­
tween the spectra at the starting temperature and at any higher tem­
perature was used to calculate the concentration and mole fraction 
of A-T pairs for each temjxîrature step in the denaturation process. 
In this way, it was possible to plot for each DNA sample the frac­
tion of all A-T pairs (F/vx) denatured versus the fraction of all G-C 
pairs denatured. In most circumstances these plots will illu­
strate different areas of A-T or G-C rich segments on the DNA mole­
cule (Falkow and Cowie, 1968; Hirschman, et al., 1967; Votavova, 
el al., 1968). However, if very subtle differences exist between 
bacterial DNAs, they are difficult to distinguish by this method. 
Therefore, in addition to these calculations, which were done by the 
methods of Felsenfeld and Hirschman as described in the appendix, a 
further computation not described by these workers was done also. 
The extended computation included the calculation of the fraction of 
the total DNA that has melted during each temperature increment and 
the base content of that fraction. For the sake of clarity the same « 
notations used by Felsenfeld and Hirschman (see appendix) are used 
here. These workers used C to represent the DNA concentration in 
moles uf nucleotide per liter and 0 to represent the mole fraction 
of adenine-thymine base pairs. 11 we Let , 0^ equal the mole 
c;oncentration of DNA and the mole fraction of A-T pairs at a given 
(.«^iiijicrratura T ^ ; and Cg, 0^ equal the mple concentration of DNA and 
molt; fraction of A-T pairs at the next higher temperature T2; and 
Cequal the mole concentration of DNA and mole fraction of A-T 
pairs that have denatured during the temperature interval T^ - T^, 
then one can write the relation: 
Ci0i + = 0^02 
i ^101 + (^2 - = ^202 
(C2 - C]^  )0^  = C202 - ^ 101 
Solving for the mole fraction of A-T pairs, results in the ex­
pression : 
= (C202 - ^ i^i)/(S - Cj^) 
Or can be derived in yet another manner: 
02 = 01(^1/03) + 0^ {C^ /C^ ) 
02 =0l(Ci/C2) + 0d(C2 - Ci)/C2 
^2^2 ~ ^ 1^1 0d(^2 " ^1) 
^2^2 " ^ 1*^1 ~ ^d(^2 " ^ 1) 
then 0^ ~ (^ 2^ 2 " )/(^2 ~ 
which is the same solution as before. To find the mole fraction of 
Ct-C pairs, the quantity 0^^ is subtracted from 1.0. the concen­
tration ol. the DNA denatured at each temperature interval , equals 
Cy - C^, and its proportion of the total DNA equals where 
Cf equals the mole concentration of fully denatured DNA. A bar 
graph showing the proportion of the total DNA and the per cent mole 
fraction of guanine plus cytosine of material denatured during each 
temperature interval was found to be very useful in illustrating 
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minor differences among the various DNA. molecules investigated in 
this study. 
The data were recorded on punched cards, and an IBM 360/65 com­
puter was used to compute the variables. A computer program written 
by W. R. Lockhart^ was used. The input data consisted of the ini­
tial temperature at which the increase in absbrbance at 260 nm began 
and cach successive tem^ierature in approximate 1 C intervals during 
the dénaturaiion prbcess, the number of temperature increments, and 
the optical density observed for each temperature increment at each 
wavelength. The temperature was recorded to within 0.1 C for the 
input data. 
^Lockhart, William R., Ames, Iowa. Spectral analysis, Version 
11, WRL, Fortran IV, IBM 160/6"î. Personal communication. 1969. 
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RESULTS 
The base ratios of the DNA isolated from the test organisms 
were determined by ultracentrifugation and thermal denaturation. 
The base ratios are shown in Table 2, together with the correspond­
ing buoyaint densities and the average mean temperatures, that is, 
the mean of all the mean temperature values obtained in a series of 
determinations at 260 nm with DNA from a given source. These re­
sults are in good agreement with previously published data 
(Hirschman, et al., 1967; Hill, 1966; Marmur, et al., 1963). 
The means of all values used to characterize thermal transi­
tions (i.e., temperature, standard deviation, skewness, and kurto-
sis), were calculated from the data obtained in two experiments 
with Staphylococcus aureus, three experiments each with batch cul­
tures of Escherichia coli and Pseudomonas aeruginosa, four experi­
ments with Lambda bacteriophage, six experiments each with 0.25 and 
0,75 gen/hr steady-state cultures of Escherichia coli grown in ni­
trogen limited media, and six experiments each with 0.25 and 0.75 
gen/hr steady-state cultures of Escherichia coli grown in carbon 
limited media. 
The average mean temperature (the mean of all the mean tem­
perature values obtained in a series of determinations with DNA. 
from a given source) and the extremes in variation (the difference 
in degrees centrigrade between the highest and the lowest values 
obtained from all experiments with DMA from a given source) for 
each wavelength are shown in Table 3 for those organisms grown in 
batch culture. The range of variation ia the largest at the ends 
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Table 2, The buoyant densities and average mean temperatures and 
their corresponding base ratios for DNA, isolated from the 
test organisms. 
Organism 
Buoyant 
Density 
g/ml %GC^ 
Average 
Mean 
Temperature 
3 
%GC. 
Staphylococcus aureus 1.693 33.67 80.13 33.49 
Lambda bacteriophage 1.711'^ 51.44 87.49 51,44 
Escherichia coli 1.710 51.02 88.01 52.70 
Pseudomonas aeruginosa 4 1.723 
1 
64.17 92.71 64.17 
Escherichia coli, N, 0. 25^ 1.710 51.02 88.20 53.19 
Escherichia coli, N, 0. 75^ 1.710 51.02 87.96 52.58 
Escherichia coli, C, 0. 25^ 1.710 51.02 88.04 52.78 
Escherichia coli, C, 0. 75^ 1.710 51.02 87.90 52.43 
^The mean of all the mean temperature values obtained in a series 
of determinations with DNA from a given source. 
2 The %GC is equal to mole percentage of guanine plus cytosine. The 
relationship between the buoyant density (p) and the %GC is as 
follows: %GC = 100 (p~ 1.660)/0.098 (Schildkraut, et al., 1962). 
q 
The relationship between the average mean temperature smd the 
%GC is as follows: %GC = (mean T - 16,6 log M) - 81.5/0.41 
(Schildkraut and Lifson, 1965). 
^These values were not determined, but were estimated by calcula­
tion from the base ratio determined by thermal denaturation. 
and C refer to nitrogen aind carbon, the limiting nutrient in 
continuous cultivation of Escherichia coli at growth rates of 0.25 
and 0,75 gen/hr. 
Buoyant density determined using Proteus vulgaris ATCC 13315 
DNA 1*698) as the primary standard (Krieg, 1968). 
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of the ultraviolet spectrum and is smallest at 260 nm. The mean 
temperatures (obtained from the thermal transition curve for each 
wavelength) of the DNA. isolated from aureus (%GC = 33.5) and 
P. aeruginosa (%QC = 64.2) follow different patterns of variation 
when considered in relation to their mean temperature at 260 nm. 
The meain temperatures from the thermal transition curves of P. 
aeruginosa DNA are low at 220 (92.1 C) and 225 nm (92.4 C); then 
the mean temperature increases by 0.4 C and fluctuates about the 
260 nm meain temperature (92.7 C) until 285 nm, where the mean tem­
perature increases another 0.1 C. In contrast, the mean tempera­
tures from the thermal traiisition curves of aureus DNA are high 
(80.7 C at 220 nm); the mean temperature decreases by 0.6 C at 
260 nm and then gradually increases to 80.5 C at 285 nm. The mean 
temperatures obtained from the thermal transition curves of DNA 
isolated from E. coli and Lambda bacteriophage tend to follow the 
pattern of P. aeruginosa. 
The mean temperatures obtained from the thermal transition 
curves of DNA isolated from E. coli grown in nitrogen and caxbon 
limited media at 0.75 and 0.25 gen/hr were essentially the same. 
The mean temperatures at 260 nm are given in Table 2. The thermal 
transition curves at other wavelengths had mean temperatures that 
vaxied slightly from their respective 260 nm values. No signifi­
cant differences were detected in the mean temperatures between 
DNA from cells at the two growth rates and in the two nutrient 
limiting media. 
The linear relationship that exists between the average mean 
Table 3. The average mesin temperature, amd the range of variation in degrees,centrigrade 
(C) between the highest sind lowest value obtained in any experiment, for each 
wavelength used in the thermal transition curve of DMA isolated from the test or-
gaiiisms grown in batch culture. The last column shows the slope of the line ob­
tained when the average mean temperature is plotted against %GC (as determined by 
thermal denaturation at 260 nm). The slope was calculated eiccording to the re­
lation; Slope = change in temperature / change in %GC content, or S = AT/A#3C. 
nm) 
220 
225 
230 
235 
240 
245 
250 
255 
260 
265 
270 
275 
280 
285 
290 
S. aureus E. coli Lambda aeruginosa 
Mean T Range Mean T Range Mean T Range Mean T Range Slope 
C C  C C  C C  C C  ( A T / A % G C )  
80.7 0.5 88.2 0.4 87.9 0.3 92.1 0.3 0.37 
80.6 0.6 88.4 0.5 88.7 1.4 92.4 0.3 0.42 
80.7 0.2 88.4 0.3 88.1 0.3 92.8 0.4 0.39 
80.5 0.1 88.4 0.3 88.1 0.2 92.8 0.4 0.40 
80.3 0.1 88.3 0.5 87.9 0.5 92.8 0.5 0.41 
to 
80.3 0.1 88.1 0.2 87.7 0.3 92.8 0.4 0.41 « 
80.2 0.0 88.1 0.3 87.6 0.3 92.7 0.3 0.41 
80.2 0.0 88.1 0.3 87.6 0.2 92.7 0.4 0.41 
80.1 0.1 88.0 0.2 87.5 0.2 92.7 0.3 0.41 
80.1 0.0 88.0 0.2 87.5 0.3 92.7 0.2 0.41 
80.2 0.0 88.1 0.2 88.6 0.1 92.7 0.3 0.41 
80.2 0.1 88.1 0.4 87.6 0.3 92.8 0.3 0.41 
80.3 0.0 88.3 0.3 88.0 0.2 92.8 0.3 0.41 
80.5 0.4 88.4 0.9 88.1 0.2 92.9 0.2 0.40 
80.4 0.2 88.5 0.6 88.0 0.7 92.9 0.4 0.41 
30 
temperature and the overall %GC content (as determined by thermal 
denaturation at 260 nm) also holds at the other ultraviolet wave­
lengths. The slope of the line obtained when the average mean tem­
perature at ea.ch wavelength is plotted against the overall %GC con­
tent was nearly the same. The slope was computed by the relation: 
slope = A mean T / A %GC. These results are also given in Table 3. 
The slopes are the same from 235 to 290 nm, whereas the slopes at 
i 
220, 225, and 230 nm are different. The reason for these differ­
ences probably is that DNA. does not absorb low frequency ultra­
violet light very well and that the amount of low frequency ultra­
violet light absorbed is related to the overall base ratio and the 
interactions of the base pairs on the DNA molecule. 
The means of all the standard deviation values (q-) obtained 
for thermal transition curves at each wavelength arc presented in 
Table 4, It is evident that the majority of Lambda DNA molecular 
fragments melt over a wider range of temperatures them the bacter­
ial DNA fragments. Among the bacterial DNAs, the DNA with the 
higher %GC content consistently has a larger standard deviation at 
all wavelengths than the DNA with the lowest %GC content. This is 
in agreement with the findings of Krieg (Ph.D. Thesis, 1968). It 
is interesting to note that the standard deviation of the thermal 
transitions at most wavelengths for E. coli DNA is the sauae to 
within 0.2 Cj Lambda DNA, 0.3 Cj jP. aeruginosa and S. aureus DNA, 
0.4 C. 
The means of all the standard deviation values obtained for 
Table 4. The mean standard deviation ( C T ) ,  and the range of variation in degrees centigrade 
(C) between the highest and lowest value obtained in any experiment, for each 
wavelength used in the thermal transition curve of DNA isolated from the test or­
ganisms grown in batch culture. 
îlen 
[nm) 
220 
225 
230 
235 
240 
245 
250 
255 
260 
265 
270 
275 
280 
285 
290 
S^. aureus E. coli Lambda aeruginosa 
Meauni Range Mean Range Mean Range Mean Range 
CC CC CC CC 
2.8 0.4 
2.0 0.3 
2.0 0.3 
2.1 0.3 
1.9 0.2 
2.0 0.2 
2.0 0.2 
1.9 0.1, 
2.0 0.1 
2.0 0.2 
2.0 0.1 
2.0 0.2 
2.0 0.1 
2.3 0.3 
2.3 0.2 
2.7 0.1 
2.7 0.2 
2.6 0.1 
2.5 0.2 
2.5 0.3 
2.7 0.3 
2.6 0.1 
2.7 0.2 
2.7 0.2 
2.6 0.3 
2.6 0.2 
2.6 0.2 
2.6 0.2 
2.6 0.5 
2.8 0.2 
3,0 0.3 
3.3 0.2 
3.2 0.3 
3.0 0.2 
3.1 0.3 
3.1 0.3 
3.2 0.3 
3.2 0.2 
3.3 0.1 
3.3 0.2 
3.3 0.1 
3.3 0.2 
3.1 0.1 
3.2 0.2 
3.5 0.4 
3.4 0.1 
2.6 0.2 
2.7 0.2 
2.5 0.2 
2.5 0.4 
2.5 0.3 
2.5 0.2 
2.4 0.3 
2.5 0.3 
2.4 0.2 
2.4 0.2 
2.4 0.1 
2.4 0.2 
2.3 0.2 
2.4 0.4 
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thermal transition curves at each wavelength for the DNAs of E. 
coli grown in nitrogen or in carbon limited media at 0.25 or at 
0.75 gen/hr were nearly identical. 
The means of all the skewness values (SM3) obtained for ther­
mal transition curves at each wavelength are presented in Table 5. 
All values are negative, indicating a skewness to the left. This 
suggests that adenine-thymine (A-T) rich regions exist in all the 
DNAs examined. When a comparison is drawn between P. aeruginosa 
DNA with a high %GC content and S^. aureus DNA with a low %GC con­
tent, P^. aeruginosa DNA has a greater skewness. This confirms the 
findings of Ktrieg (Ph.D. Thesis, 1968), who reported greater skew­
ness values for DNA with greater %GC content. However, the skew­
ness values are larger for the thermal transition curves of E. 
coli DNA than for Lambda DNA, though the difference in the %GC con­
tent is small. Possibly, this is a general difference between DNA 
from bacteria and from temperate phages. 
The means of all the skewness values obtained for thermal 
transition curves at each wavelength for the DNAs of E. coli grown 
in carbon or in nitrogen limited media at 0.25 or at 0.75 gen/hr 
were very similar. 
The means of all the kurtosis values (SM4) obtained for ther­
mal transition curves at each wavelength are presented in Table 6. 
A comparison of P. aeruginosa and S. aureus DNA reveals that the 
kurtosis is the same or higher for P. aeruginosa at all wavelengths 
except 220 and 230 nm. Interestingly enough. Lambda DNA has the 
Table 5o The mean skewness (SM3), and the range of variation measured between the highest 
and lowest value obtained in any experiment, for each wavelength used in the ther­
mal trainsition curve of DMA isolated from the test organisms grown in batch cul­
ture o 
220 
225 
230 
235 
240 
245 
250 
255 
260 
265 
270 
275 
280 
285 
290 
—* 8,ureus E. coll Launbda P. aeruginosa 
Nfean SM3 Range Mean SM3 Range Mean SM3 Reinge Mean SM3 Range 
-0.2 
-0.3 
-0.2 
-0 .2  
-0.4 
-0.3 
-0.2 
-0.2 
-0.1 
-0.2 
-0.0 
-0 .2  
-0.4 
-0.2 
-0.2 
0.3 
0.6 
0.1 
0.3 
0 . 2  
0.3 
0.2 
0 . 2  
0.3 
0.1 
0.0 
0.3 
0.2 
0.3 
0.2 
-0 .8  
-0.9 
-0.8 
-0.9 
-0.9 
-0.8 
-0.9 
-0.8 
.0.8 
-0.9 
-0.8 
-0.8 
-0.9 
-1.1 
-0.7 
0.2 
0.1 
0.2 
0.3 
0.1 
0.1 
0.1 
0 .0  
0.1 
0 . 0  
0.2 
0.3 
0.2 
0.2 
0.4 
-0.3 
-0.4 
-0.5 
-0.5 
-0.4 
-0.4 
-0.4 
-0.4 
-0.4 
-0.3 
-0.4 
-0.4 
-0.5 
-0.5 
-0.5 
0.3 
0.2 
0.2 
0.1 
0.2 
0.2 
0.2 
0.1 
0,2 
0.2 
0.2 
0.1 
0.2 
0.2 
0.5 
-0.4 
-0.8 
-0.7 
-0 .8  
-0.7 
-0.7 
-0.8 
-0.7 
-0.7 
-0.7 
-0.8 
-0.8 
-0.7 
-0.6 
-0.5 
0.2 
0.1 
0.1 
0.1 
0 . 1  
0.1 
0.1 
0.1 
0.1 
0 . 0  
0.1 
0.0 
0.1 
0.1 
0.1 
w UI 
Table 6, The mean kurtosis (SM4), and the range of variation measured between the highest 
ajid lowest value obtained in any experiment, for each wavelength used in the ther­
mal transition curve of DNA isolated from the test organisms grown in batch cul­
ture. 
220 
225 
230 
235 
240 
245 
250 
255 
260 
265 
270 
275 
280 
285 
290 
S. aureus E. coli 
Mean SM4 Range Mean SM4 Range 
Lambda 
Mean SM4 Range 
P. aeruginosa 
Mean SM4 Range 
2.3 
3.1 
3.1 
3.2 
2.9 
3.1 
3.0 
2.9 
3.0 
2.9 
3.0 
3.0 
3.2 
2.9 
2.8 
0.2 
0.3 
0.1 
0.8 
0.4 
0.5 
0.5 
0.3 
0.4 
0.4 
0.3 
0.8 
0.6 
0.3 
1.0 
'3.6 
3.8 
3.8 
4.0 
3.9 
3.6 
3.7 
3.6 
3.6 
3.6 
3.6 
3.7 
3.7 
4.8 
3.5 
0.4 
0.5 
0.2  
0 . 6  
0 .2  
0.4 
0 . 6  
0.5 
0.4 
0.7 
0.5 
0.1 
0.1 
1.4 
1.2 
2.2 
2.6 
2.8 
2.6 
2.6 
2.5 
2.5 
2.5 
2.4 
2.4 
2.4 
2.6 
2.7 
2.8  
2.6 
0.4 
0.1 
0.4 
0.1 
0.2 
0.3 
0.3 
0.3 
0 . 2  
0.2 
014 
0.1 
0.3 
0.1 
0.3 
2.1 
3.4 
3.0 
3.4 
3.2 
3.3 
3.4 
3.2 
3.3 
3.2 
3.3 
3.4 
3.4 
3.1 
2.8 
0.3 
0.4 
0.5 
0.4 
0.0  
0.5 
0.6 
0.0 
0 . 2  
0 . 1  
0.3 
0.2 
0.3 
0.3 
0.1 
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least éimount of kurtosis of all samples, indicating a broader curve 
(see Figure 3), E. coll DNA. has the largest kurtosis values at 
235 and 285 nm. 
The mean kurtosis values obtained for the thermal transition 
curves at each wavelength for the DMAs of E. coll grown in either 
nitrogen or carbon limited media at both 0.25 and 0.75 gen/hr 
were nearly identical. 
When the denaturation of the various DNA.S was plotted by the 
usual Tjj method, the only evidence of this intramolecular hetero­
geneity was a broadening or narrowing of the thermal transition 
curve. The heterogeneity of distribution is more strikingly dis­
played by treating the absorbance data at 260 nm as a differential 
plot in terms of the percent of total absorbance change which oc­
curred during each temperature interval. Figures 3, 4, and 5 show 
the results of this type of plot. These plots also help to dis­
play graphically the significance of the data in Tables 4, 5, and 
6. By comparing the absorbance curves in Figures 3, 4, and 5, one 
can see that the DNA isolated from Lambda bacteriophage has the 
broadest 'peak' and that the DNA isolated from E. coll and 
aeruginosa have the sharpest peaks. Definite skewness, e.g., 
P. aeruginosa. Table 5, Figure 5, can also be observed. 
The absorbance curve for Lambda DNA (Figure 3)'is similar to 
that published by Falkow and Cowie (1968), but not identical. 
Falkow and Cowie (1968) compared DNAs isolated from temperate 
phages (including Lambda), whereas a non-lysogenlc strain of 
Lambda was used in this investigation. This probably accounts for 
Figure 3» The absorbance change at 260 nm which occurred 
during each temperature interval during the 
denaturation of DWA isolated from Lambda bacterio­
phage ( • ) and Escherichia coli ( • )-• 
CHANGE IN ABSORBANCE AT 260 nm 
b  b  b  b  b  b .  b  b  b  
—I ® 
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Figure 4» The absorbance change at 260 nra which occurred during each temperature 
interval during denaturation of DNA isolated from Staphylococcus aureus. 
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Figure 5. The absorbance change at 260 nia which occurred during each temperature 
interval during denaturation of DNA isolated from Pseudomonas aeruginosa^ 
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the slight difference in the absorbance curves. The absorbance 
curves for E. coli, S. aureus, and P. aeruginosa DNA are unique and 
appear to exhibit different patterns of intramolecular heterogene*» 
ity. 
To investigate this further, the method of hyperchromic spec­
tral analysis of DNA developed by Hirschman and Felsenfeld (1966) 
was employed. The results of this kind of experiment are generally 
displayed as in Figures 6, 7, 8, 9, and 10 in which the fraction of 
all adenine-thymine (A-T) pairs denatured is plotted against the 
fraction of all guanine-cytosine (G-C) pairs denatured at each stage 
in the thermal transition. Figure 6 shows this plot with Lambda 
DMA, This is nearly identical to the published results with Lambda 
DNA (Hirschman, _et al,,,1967). All calculations, with the use of 
the three-term analysis for hyperchromic spectra given by Hirschman 
and Felsenfeld (1966), were based upon the data taken at 5 nm in­
tervals between 220 and 290 nm. Figures 7 and 8 show typical results 
obtained with E_. coli DNA isolated from cells grown in nitrogen 
limited media and in carbon limited media at 0.25 and at 0.75 gen/hr. 
Although there are some minor variations, the figures axe similar and 
do not give any evidence as to the nature of intramolecular hetero­
geneity. Figures 9 and 10 show typical results obtained from 
aureus and P. aeruginosa DNA. It is evident from the results given 
in Figures 6, 7, 8, 9, and 10 that different patterns of thermal de-
naturation are obtained when the fraction of all A-T pairs denatured 
is plotted against the fraction of all G-C pairs denatured for 
Figure 6. Fractions of all adenine-thymine (F^^) and guanine-
cytosine (Fqc) pairs denatured at successive stages in 
thermal transition of DNA. from Lambda bacteriophage. 
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Figure 7, Fractions of all adenine-thymine (F^^) and guanine-
cytosine (Fqq) pairs denatured at successive stages 
in the thermal transition of DNA from Escherichia 
coli growing at 0.25 gen/hr in carbon (A), and nitro­
gen ( • ) limited media. 
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Figure 8. Fractions of all adenine-thymine (F^^) and guanine-
cytosine (F^^) pairs denatured at successive stages in 
the thermal^ransition of DMA. from Escherichia coli 
growing at 0.75 gen/hr in carbon (a), and nitrogen 
( • ) limited media. 
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Figure 9. Fractions of all a^denine-thymine (F^^) and guanine-
cytosine (Fqq) pairs denatured at successive stages in 
the thermal transition of DNA. from Staphylococcus 
aureus. 
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Figure 10. Fractions of all adenine-thymine (F^j.) and guanine-
cytosine (Fqq) pairs denatured at successive stages 
in the thermal transition of DNA. from Pseudomonas 
aeruginosa. 
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different kinds of DNA. However, the results for the DNAs from E. 
coli experiencing vaxious growth rates and nutrient limitation are 
not well defined. In an attempt to clarify this point, an exten -
sion of the hyperchromic spectral calculations was made to determine 
the fraction of the total DNA. that denatured during each temperature 
interval and the molar percent guanine plus cytosine of each frac­
tion. Then by totaling the fractions of DNA falling within a small 
given range of per cent guanine plus cytosine, one can construct a 
histogram of mean fraction total WA versus mean molar per cent 
guanine plus cytosine of each fraction. The means were determined 
from both two-term and three-term analyses. Tables 7, 8, 9, and 10 
show the typical results obtained from a series of individual ex­
periments with the DNA isolated from Lambda bacteriophage, P. 
aeruginosa, and E. coli grown in nitrogen limited media at 0.25 and 
at 0.75 gen/hr. Several experiments with each kind of DNA were nec­
essary before a pattern of base distributions became apparent. As 
the tables show, one does not obtain identical results in replicate 
determinations. Falkow and Cowie (1968), in earlier spectral 
studies with viral and bacterial DNA, had also noted that it is nec­
essary to perform numerous replications before attempting to inter­
pret results. Of the many factors influencing the precision of data 
from individual experiments, one of the most import am t may be the 
fact that the actual temperature values at which successive readings 
are taken, and the temperature intervals between these points, are 
never quite identical in successive determinations. Since the 
Table 7. Base composition aind percent fraction of the total DMA, denatured during successive 
temperature increases, as determined by two-term and three-term hyperchromia spec­
tra.! analyses in a séries of experiments with EWA isolated from Lambda bacterio­
phage „ The final column shows a composite percentage distribution of DNA in each 
fraction, obtained by averaging all two- and three-term results from the individ­
ual experiments. 
Experiment 1 Experiment 2 Experiment 3 Experiment 4 
Range Mean Two- Three- Two- Three- Two- Three- Two- Three- Mean 
% GC % GC term term term term term term term term % DNA. 
%DNA %DNA %DNA %DNA %DNA %mA %DNA %mA 
28-31 
32-35 
36-38 
39-41 
42-45 
46-48 
49-51 
52w54 
55-58 
59-61 
62-64 
65-67 
68-70 
71-73 
30 
34 
37 
40 
43 
47 
50 
53 
57 
60 
63 
66 
69 
72 
O 
0 
0 
7 
16 
O 
O 
21 
17 
30 
O 
9 
0 
0 
2 
O 
0 
o 
0 
9 
11 
12 
13 
0 
17 
22 
O 
3 
O 
3 
0 
O 
18 
6 
8 
11 
14 
30 
0 
0 
O 
9 
8 
0 
0 
O 
8 
O 
0 
12 
12 
13 
17 
13 
12 
O 
10 
0 
O 
O 
23 
0 
12 
6 
23 
13 
0 
8 
0 
O 
8 
0 
13 
5 
0 
O 
0 
35 
13 
0 
0 
0 
21 
O 
8 
0 
O 
O 
18 
12 
10 
0 
13 
13 
18 
5 
0 
O 
o 
8 
17 
O 
O 
0 
0 
35 
12 
0 
8 
8 
8 
O 
5 
1 
4 
2 
10 
3 
5 
17 
15 
12 
8 
8 
5 
2 
09 
Table 8, Base composition and percent fraction of the total DNA denatured during successive 
temperature increases, as determined by two-term and three-term hyperchromic spec­
tral analyses in a series of experiments with DNA isolated from Pseudomonas 
aeruginosa. The final column shows a composite percentage distribution of DNA in 
each fraction, obtained by averaging all two- and three-term results from the in­
dividual experiments. 
Experiment 1 Experiment 2 Experiment 3 
Range Mean Two- Three- Tivo- Three- Two- Three- Mean 
% GC % GC term term term term term term %DNA, 
%DNA %DNA %DNA. %DNA %DNA %DNA 
39-41 
42-45 
46-48 
49-51 
52-54 
55-58 
59-61 
62-64 
65-67 
68-70 
71-73 
74-76 
77-80 
81-83 
40 
43 
47 
50 
53 
57 
60 
63 
66 
69 
72 
75 
79 
82 
4 
0 
0 
O 
O 
4 
25 
0 
11 
45 
7 
0 
4 
O 
0 
O 
0 
O 
O 
o 
o 
10 
20 
25 
24 
0 
19 
O 
0 
O 
O 
4 
O 
O 
3 
O 
15 
26 
33 
0 
12 
4 
0 
O 
2 
O 
O 
0 
5 
3 
0 
0 
9 
55 
7 
0 
0 
O 
O 
2 
5 
21 
0 
31 
18 
6 
0 
13 
0 
0 
0 
o 
4 
0 
0 
1 
3 
29 
15 
22 
0 
O 
7 
O 
1 
0 
1 
1 
1 
4 
6 
12 
13 
21 
12 
11 
8 
1 
Table 9, Baae composition and percent fraction of the total DNA. denatured during successive 
temperature increases, as determined by two-term and three-term hyperchromic spec­
tral analyses in a series of experiments with DMA isolated from Escherichia coli 
grown in nitrogen limited media at 0.25 gen/hr. The final column shows a com­
posite percentage distribution of DNA in each fraction, obtained by averaging all 
two- and three-term results from the individual experiments. 
Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6 
Range Mean Two- Three- Two- Three- Two- Three- Two- Three- Two- Three- Two- Three- Mean 
%GC %GC term term term term term term term term term term term term %DNA. 
%DNA %DNA. %DNA %DNA %DNA %DNA %DNA %mA %ENA %DNA %DNA 
28-31 30 0000300343001 
32-35 34 000000000006 1 
36-38 37 02 00003 006 0 0 1 
39-41 40 3 0 1 O 7 0 9 O 6 1 6 O 3 
42-45 43 07 13 17 O 7 0 9 02 O 05 
46-48 47 21 19 10 11 20 3 0 14 11 9 3 4 10 
49-5}l 50 4 4 0 O 13 5 14 13 20 20 13 45 13 
52-54 53 9 0 O 0 O 10 22 19 2 17 34 18 11 
55-58 56 36 16 45 39 20 52 23 18 50 34 35 17 32 
59-61 60 23 36 17 17 O 4 19 17 4 O 0 0 11 
62-64 63 1 7 0 4 21 0 1 0 0 0 0 0 3 
65-67 66 O 0 11 7 12 14 5 1 0 0 0 0 4 
78-70 69 030002200000 1 
71-73 72 000020020500 1 
g 
Table 10, Base composition aind percent fraction of the total DNA denatured during success­
ive temperature increases, as determined by two-term and three-term hyperchromic 
spectral analyses in a series of experiments with DNA isolated from Escherichia 
coli grown in nitrogen limited media at 0.75 gen/hr. The final column shows a 
composite percentage distribution of ra{A in each fraction, obtained by averaging 
all two- and three-term results from the individual experiments. 
Exp. 1 Exp. 2 Exp. 3 
Rainge Mean Two- Three- Two- Three- Two- Three-
%GC %GC term term term term term term 
%DNA %DNA %DNA %DNA. %DNA %DNA 
Exp. 4 Exp. 5 Exp. 6 
Two- Three- Two- Three- Two- Three- Mean 
term term term term term term %DNA 
%DNA %DNA %DNA %DNA %r»JA %DNA 
28-31 30 3 
32-35 34 O 
36-38 37 9 
39-41 40 O 
42-45 43 0 
46-48 47 2 
49-51 50 13 
52-54 53 9 
55-58 56 37 
59-61 60 2 
62-64 63 22 
65-67 66' 0 
68-70 69 0 
71-73 62 O 
0 2 0 
0 0 2 
O 14 11 
0 0 0 
10 11 O 
9 0 0 
0 0 16 
24 17 10 
41 29 31 
0 19 16 
0 3 0 
0 0 4 
0 O O 
0 0 0 
3 0 0 
12 10 0 
6 0 0 
0 3 O 
0 6 15 
0 0 0 
9 31 16 
19 18 30 
34 16 11 
0 2 21 
0 6 0 
4 O 1 
3 0 0 
0 6 2 
0 0 0 
2 0 2 
4 16 0 
0 0 0 
0 0 10 
21 1 4 
16 25 15 
24 0 21 
18 21 23 
9 31 10 
0 3 0 
10 0 
2 0 3 
0 0 0 
0 0 1 
0 12 
0 4 5 
1 7 1 
10 0 5 
15 10 5 
31 36 18 
15 O 15 
21 32 26 
0 O 10 
0 0 3 
0 0 1 
0 0 1 
0 0 1 
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composition of the DNA denatured at each step depends on these fac­
tors, it is necessary to perform a series of determinations (each 
with slightly different temperature intervals) in order to obtain an 
accurate composite of the DNA. in question. Furthermore, the three-
term and the two-term analyses of data from a single experiment do 
not produce identical results, even though the latter calculation is 
merely a simplified version of the three-term analysis. Neverthe­
less, when either the two-term or three-term results from a number of 
determinations are averaged, or when all results are averaged (as in 
the final column in Tables 7, 8, 9, and 10), the composite shows a 
distinct pattern of intramolecular heterogeneity for each given kind 
of DNA.5 and the results of individual determinations are seen to be 
consistent with this composite pattern. The composite values for 
proportions of material in the various fractions total about 95% for 
each kind of DNA, indicating that all but a small fraction of the 
total DNA is accounted for in the analysis. 
These results are more strikingly displayed by constructing a 
histogram of the mean fraction total DNA versus the mean molar per­
cent guanine plus cytosine (G-C) of each fraction. The histograuas 
are presented in Figures 11, 12, 13, and 14. As can be seen upon ex­
amination of these figures, intramolecular heterogeneity is clearly 
demonstrated among the various DNAs studied in this investigation. 
The results readily reveal not only different patterns of intramo­
lecular heterogeneity among the DNAs isolated from different organ­
isms, but also intramolecular heterogeneity among the DNAs isolated 
from the same species of bacterium grown at different rates. 
Figure 11. Distribution of material with differing mean G+C con­
tent in 10^ molecular weight fragments of DNA iso­
lated from Lambda Bacteriophage (A) and 
Staphylococcus aureus (B)» 
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Figure 12. Distribution of material with differing mean G+C con­
tent in 10^ molecular weight fragments of DNA iso­
lated from Pseudomonas aeruginosa (A) and 
Escherichia coli (B). 
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Figure 13. Distribution of material with differing mean G+C con­
tent in 10^ molecular weight fragments of DNA iso­
lated from Escherichia coli grown in carbon limited 
media at 0.25 (A) and 0.75 (B) gen/hr. 
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Figure 14, Distribution of material with differing mean G+C con­
tent in 10 molecular weight fragments of DNA iso­
lated from Escherichia coli grown in nitrogen limited 
media at 0.25 (A) and 0.75 (B) gen/hr. 
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DISCUSSION 
The thermal transition curves obtained from the denaturation of 
DNA at each wavelength were treated as cumulative frequency distri­
butions of individual moleculax fragments which differ in average 
base composition. The meam T (temperature at which the average mol­
ecule melts), standard deviation, skewness, and kurtosis were used 
as parameters to compare the cumulative frequency distributions of 
different kinds of DNA. The distributions within the DNAs from dif­
ferent organisms were different, as pointed out in the results sec­
tion. However, the distributions within the DNAs from the same or­
ganism grown at different rates and in different growth limiting 
media were essentially the same despite the fact that intramolecular 
heterogeneity existed. It is concluded that frequency distribution 
analyses are useful in characterizing DNA isolated from different 
organisms and may reflect differences in DNA from different organ­
isms, but they are not useful in detecting subtle differences in the 
intraunolecular heterogeneity of DNA isolated from a single organism 
grown under differing conditions. 
Internal heterogeneity of base composition could be examined in 
more detail by spectral analysis of the DNA during thermal denatura­
tion. Heterogeneity of base composition of DNA has been demon 
strated in Lambda bacteriophage (Hirschman, et aj., 1967) and other 
temperate bacteriophages (Falkow and Cowie, 1968). Votavova, et al. 
(1968), have shown intramolecular heterogeneity among the DNAs from 
animals, plants, fungi, bacteria, and viruses. Votavova, e^ al. 
(1968), developed their own method of spectral analysis in that they 
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measured absorbemce in 2 nm increments (instead of 5 nm) sind de­
rived their own spectral parameters for the computations of the mole 
fraction of adenine-thymine pairs and guanine-cytos ine pairs dena­
tured at each temperature interval. The results were plotted and 
parabolic lines were obtained similar to the ones I have shown in 
the results section. Then to compare the various parabolic lines 
obtained from the plot of vs. for the different DNAs, they 
drew a straight line from the origin (0% F^^ + 0% F^^ denatured) to 
the point corresponding to 5.00% F^^ + 100% F^ denatured and meas­
ured the deviation from this straight line to the parabolic line. 
The results they obtained with DNA. from Escherichia coli WP-14 in­
dicate that the composition of successive denaturing regions varies 
between 35 and 56 %GC content. Hie results I have obtained with DNA 
from Escherichia coli ATCC 9637 (Figure 12) indicate that the compo­
sition of successive denaturing regions varies between 43 and 63 
%GC content. The reason for this difference could be two-fold; 
(1) the DNA isolated from E_. coli WP-14 could have a different base 
pair heterogeneity than the DNA isolated from E_. coli ATCC 9637 and 
(2) the experimental conditions and the spectral parameters were 
different from the ones I used. 
When the percent of total absorbance change at 260 nm is plot­
ted against each temperature interval during the thermal denatura-
tion of DNA isolated from each of the test organisms, different and 
unique absorbance curves are obtained for the DNA of each organism. 
This kind of evidence indicates that heterogeneity of base composi­
tion does exist in the various DNA molecules (Falkow and Cowie, 
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1968). Support for this observation comes from the data obtained 
from spectral analysis when one observes the slopes of the plots of 
fractions of all A-T pairs against fractions of all G-C pairs that 
have melted at successive stages of thermal denaturation (Figures 
6— 10). To clearly show heterogeneity of base composition of bac­
teria, a further calculation was made in addition to those of 
Felsenfeld and Hirschman (1965). The additional calculations have 
yielded results that, when displayed graphically (Figures 11 - 14), 
reveal clear and quite striking patterns of G-C base pair distri­
butions in various portions of a given DNA molecule. It is evident 
that the distribution of base pairs is different among different or­
ganisms . The distribution patterns can be compared by considering 
(1) the distribution range between the peaks with the highest and 
lowest guanine-cytosine content in which are found all the fractions 
of DNA. which are 4% of more of the total DNA; (2) the mean molar 
%G+C that has the largest fraction of the total DNA; (3) the num­
ber of major peaks or fractions at a given mean molar %G+C that con­
tain 10% or more of the total DNA; and (4) the number of minor peaks 
or fractions at a given mean molar %G+C that contain less than 10% 
of the total DNA. 
A comparison of DNA from aureus, E. coli, and aeruginosa 
reveals that the distribution range between the peaks with the 
highest and lowest %G+C content is between 20 and 23 %G+C. The 
largest fraction of the total DNA usually has a greater %G+C con­
tent than that which is characteristic for the overall %G+C con­
tent of the DNA of the organism. S. aureus I3^A is em exception, in 
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that the largest fraction of the total DNA has a smaller %G+C con­
tent than that which is characteristic for the overall 96G+C content 
of S. aureus. A comparison of the number of major peaks (those 
fractions of DNA making up 10% or more of the total DNA) shows that 
4 major peaks axe evident in the distribution profiles of Lambda and 
S. aureus DNA. P. aeruginosa has 5 major peaks and E. coli has 2 
major peaks. The number of minor peaks (those fractions of DNA 
having less than 10% of the total DNA) in the distribution profile 
of DNA from Lambda is 10; S. aureus, 4; E. coli, 9; and P. 
aeruginosa, 6. 
The distribution patterns, taken as a whole, do reflect A-T 
rich areas in all cases, a fact borne out in the frequency distri­
bution einalyses where all skewness values are negative. 
The fact that each bacterial species has a unique genetic con­
stitution is reflected in the distribution patterns of base pairs 
along the DNA molecule. Intramolecular heterogeneity reflects dif­
ferent, unique nucleotide sequences in different portions of the DNA 
molecule. Comparisons of the patterns of different bacteria may be 
of taxonomic value. Similar distributions of A-T and G-C base pairs 
on the DNA molecule could be a mark of genetic relatedness among 
bacteria, and differences in the distributions of A-T and G-C base 
pairs on the DNA molecule could be useful in separating closely re­
lated bacteria. 
The results obtained from the DNA isolated from B. coli grown 
at different rates are most interesting. First, the greatest frac­
tion of the total DNA contains 57% G+C content under all growth 
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conditions. Secondly the DMA isolated from E. coli in batch cul­
ture is very similar to the DNA isolated from cells grown at 0.25 
gen/hr. If one considers 43 to 63 %G+C as the significant distri­
bution range for E. coli DNA^ it is evident that the DNA isolated 
from cells grown in batch culture has almost twice the amount of 
43% G+C as the other E. coli DNAs. The DNA isolated from cells 
growing at 0.75 gen/hr has one-half as much 47 %GC as those cells 
grown at 0.25 gen/hr. The DNA from the faster growing cells has 
about one-third more 50 and 53 %GC and approximately one-third less 
57 %GC than the DNA from the slow growing cells. There appear to 
be slight differences in values obtained for DNAs isolated from 
cells grown under different nutrient limitations, but probably 
these differences aire less than the limits of precision of the de­
termination. 
The results of this investigation also give an idea of the 
amount of variation that can be expected among the distributions of 
base pairs in the DNA isolated from a given bacterial species. 
Using extreme care in the isolation and purification of DNA so that 
observed differences are in fact a reflection of real difference and 
not contamination by polyamines, divalent cations, etc., I have 
found that the overall %GC. ratio will change very little. But the 
distribution of the total material into fragments, or fractions, 
with different individual base ratios may vary for DNA isolated 
from a single bacterial species. Such results are obtained because 
DNA isolated from a population of growing cells consists not simply 
of molecules that are identical in configuration, but of a mixture of 
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fragments of molecules which were in various stages of replication. 
In some cases, there will be more fragments derived from already 
replicated portions of the molecule than from non-replicated por­
tions. If the proportions of partly-replicated molecules are dif­
ferent in cell populations growing under different conditions, the 
proportion of fragments with a mean base ratio characteristic for 
initial portions of the molecule will also differ. Such differ­
ences, though apparently not great enough to be reflected as dif­
ferences in overall base ratio, are detected as differences in the 
distributional pattern of fragments with various mean base compo­
sitions. In cultures in balanced growth, where cell division and DNA 
replication are taking place at the same rate (though not simultane­
ously) in each cell, the population of DNA. fragments derived from a 
given cell population should have constant proportions of DNA frag­
ments from various areas of the bacterial chromosome, and these pro­
portions (hence the distribution of %GC) should reflect the range of 
chromosome configurations found among a population of cells in that 
specific state of balanced growth. If the relationships between 
chromosome replication and cell division were different for some 
other state of balanced growth, that difference should be reflected 
in its 'average' chromosome configuration, its characteristic pop­
ulation of DNA fragments, atnd, ultimately, in the distributional 
pattern of mean %GC. In order to determine whether such differences 
would exist between populations grown at the very slow rates of bal­
anced growth employed in these studies, it is necessary to briefly 
review some of the pertinent literature. 
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It has been shown that replication of bacterial DNA begins at a 
particular site on the DNA molecule and proceeds sequentially along 
its entire length (Bonhoeffer and Gierer, 1963; Cairns, 1963a and 
1963b; Lark, et al., 1963; Meselson and Stahl, 1958; Nagata, 1963; 
Yoshikawa and Sueoka, 1963a and 1963b). In most cases a single repli­
cation point per DNA molecule was found. However, multiple repli­
cation points have been reported (Lairk and Bird, 1965; Gishi, et 
al., 1964; Pritcharà and Lark, 1964; Yoshikawa, e^ , 1964). Maal^e 
and Kjeldgaard (1966), among others, have suggested that the rate of 
DNA synthesis per replication point is a constant independent of the 
overall cellular growth rate. One prediction of this hypothesis is 
that cells which require a longer time to double than the time for 
a replication point to travel the entire length of the genome will 
have a period devoid of DNA synthesis during their division cycle. 
The existence of a gap between rounds of DNA synthesis in slow 
growing cells has been reported by Helmstetter (1967), Kubitschek, 
et al. (1967), and Lark (1966). Helmstetter and Cooper (1968) re­
ported that the cell age at which rounds of DNA replication begin is 
variable and depends upon the growth rate, although the time for a 
complete round of replication is constaint and independent of the 
growth rate. Cooper and Helmstetter (1968) have proposed a model to 
explain the causal relationship between DNA replication and cell di­
vision in E» coli B/r with doubling times between 20 and 60 minutes. 
However, their model does not predict correctly for slow growing 
cells. Very little evidence exists which shows the relationship 
between cell division and DNA replication in slow growing cells. 
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Helmstetter (1967) and Clark and Maal^e (1967) have shown that 
replication begins before division in cells growing in succinate 
minimal medium with a 70 minute generation time. C. Lark (1966) 
has shown that the time for a round of replication increases with 
decreasing growth rates. Kubitschek, Bendigkeit, and Loken (1967) 
have shown that cells with generation times between 2 and 12 hours 
synthesize DNA during the last one-third of the division cycle with 
a short period devoid of synthesis at the end of the cycle. Their 
results also indicate that a round of replication could have begun 
subsequent to the start of the division cycle in which it ends. 
Although no direct evidence is reported in this investigation 
on the replication of DNA and cell division, the evidence suggests 
indirectly that the reason for different distributional patterns of 
base pairs in the DNA isolated from E. coli grown at different 
rates in chemostat cultures is that a unique relationship exists in 
each system between rates of DNA initiation, replication, aind cell 
division. One explanation could be that in the chemostat with E. 
coli growing at 0.75 gen/hr (doubling time of 80 minutes) DNA rep­
lication takes place at a different rate and at a different time in 
the cell division cycle as compared with the E. coli chemostat cul­
ture growing at 0.25 gen/hr (doubling time of 240 minutes). The 
faster growing cells would initiate DNA replication in the middle 
of the cell cycle, and the rate of replication would be around 40 
minutes (Cooper and Helmstetter, 1968). The slower growing cells 
would initiate DNA replication in the last third of the cell cycle, 
and the rate of replication would be slower (Cooper and Helmstetter, 
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1968; Kubitschek, et al., 1967; C. Lark, 1966). If this is the 
case, cells harvested from chemostat cultures used in this investi­
gation would have DNA. molecules in different stages of replication. 
The cells in the chemostat cultures used in this investigation were 
not in synchrony, but in a state of balanced growth. Therefore, the 
•average* cell in the system was in a different stage of DNA repli­
cation. The fast and slow growing cells would then differ in their 
i 
proportion of DNA fragments with base ratios equal to that of the 
'initiator' end of the DNA molecule. These differences have been 
detected by the hyperchromic spectral analysis conducted in this 
investigation. 
In summary, I have shown that intramolecular heterogeneity of 
base composition of DNA derived from bacteria can be detected by 
thermal denaturation studies. I have shown that there are different 
patterns of heterogeneity among the DNA molecules isolated from 
different bacteria. I have also shown that the DNA isolated from 
a single bacterial species may have different regions of hetero­
geneity emd that this appeaxs to be dependent on growth rate. The 
relationships between DNA initiation, DNA replication, and cell 
division, were discussed as aji explanation for these results. 
83 
LITERATURE CITED 
Beer, M., S. Stern, D. Carmalt and K. H. Mohlenrich. 1966. Deter 
mination of base sequence in nucleic acids with the electron 
microscope. V. The, thymine-specific reactions of osmium tet 
raoxide with deoxyribonucleic acid and its components. Bio-
chem. 5: 2283-2288. 
Bellett, A, J. D. 1967. Numerical classification of some viruses 
bacteria, and animals according to nearest neighbor base se­
quence frequency. J. Mol. Biol. 27: 107-112. 
Bonhoeffer, F. and iA. Gierer. 1963. On the growth mechsinism of 
the bacterial chromosome. J. Mol. Biol. 7^: 534-540. 
Burke, M. E. and P. A. Pattee. 1967. Purification and character! 
zation of a staphylolytic enzyme from Pseudomonas aeruginosa. 
J. Bacterid. 93: 860-865. 
Caims, J. 1963a. The bacterial chromosome and its manner of rep­
lication as seen by autoradiography. J. Mol. Biol. 
208-213. 
Cairns, J* 1963b. The chromosome of Escherichia coli. Cold 
Spring Hairbor Symp. Quant. Biol. Ij. 534 540. 
Cheng, T. and N. Sueoka. 1963. Heterogeneity of DNA in density 
Bind base composition. Science 141 ; 1194-1196. 
Clark, D. J. and O. Maaloe. 1967. DNA replication and the divi­
sion cycle in Escherichia coli. J. Mol. Biol. 2^: 99-112. 
Colwell, R. R. and M. Mande1. 1964. Adansonian analysis and de­
oxyribonucleic acid base composition of some gram-negative 
bacteria. J. Bacterid. ^T_\ 1412-1422. 
Colwell, R. R. and M. Mande1. 1965. Adainsonian analysis and de­
oxyribonucleic acid base composition of Serrâtia marcescens. 
J. Bacteriol. 89_i 454-461. 
Cooper, S. and C. E. Helmstetter. 1968. Chromosome replication 
and the division cycle of Escherichia coli B/r. J. Mol. Biol 
31; 519-540. 
Crothers, D. M. 1964. The kinetics of DNA denaturation. J. Mol. 
Biol. 9: 712-733. 
Crothers, D. M., M. R. Kallenbach and B. H. Zimm. 1965. The melt 
ting transition of low-molecular-weight DNA; theory and exper 
iment. J. Mol. Biol. 11; 802-820. 
84 
De Ley, J. 1969. Molecular data in microbial systematica. In 
Systematic Biology. Natl. Acad. Sci. Publication 1692; 
248-249. 
De Ley, J., I. W. Park, R. Tijtgat and J. Van Ermengem. 1966. 
DNA. homology and taxonomy of Pseudomonas aind Xanthomonas. 
J. Gen. Microbiol. 43-56. 
De Ley, J. and J, Van Muylem. 1963. Some applications of deoxyri­
bonucleic acid base composition in bacterial taxonomy. Antonie 
van Leeuwenhoek, J. Microbiol. Serol. 344-358. 
Denhardt, D. T. 1966. A membrane-filter technique for the detec­
tion of complementary DNA. Biochem. Biophys. Res. Commun. 
23: 641-646. i i 
Difco Laboratories. 1953. Difco mainual of dehydrated culture media 
and reagents. 9th ed. Detroit, Mich., Author. 
Doty, P., J. Marmur and N. Sueoka. 1959. The heterogeneity in 
properties and functioning of deoxyribonucleic acids. 
Brookhaven Sjrmp. Biol. 1^: 1-16. 
Ecker, R. E. and W. R. Lockhart. 1959. Calibration of laboratory 
aeration apparatus. Appl. Microbiol. 7_; 102-105. 
Ecker, R. E. and W. R. Lockhart. 1961. Relationships between 
initial nutrient concentration and total growth. J. Bacterid. 
82; 80-84. 
Falkow, S. and D. B. Cowie. 1968. Intramolecular heterogeneity of 
the deoxyribonucleic acid of temperate bacteriophages. J. 
Bacterid. 777-784. 
Felsenfeld, G. 1968. Ultraviolet spectral analysis of nucleic 
acids. In Grossman, L. ajtid K. Moldave, eds. IVtethods in enzy-
mology. Vol. 12. Nucleic acids. Part B. Pp. 247-253. 
New York, N.Y. 
Felsenfeld, G. and S. Z. Hirschman. 1965. A neighbor-interaction 
analysis of the hypochroraism and spectra of DNA. J. Mol. 
Biol. JU: 407-427. 
Felsenfeld, G. and G. Sandeen. 1962. The dispersion of the hyper-
chromic effect in thermally induced transition of nucleic 
acids. J. Mol. Biol, 587-610. 
Fresco, J. R., L. C. Klotz and E. G. Richards. 1963. A new spectro­
scopic approach to the determination of helical secondary 
structure in ribonucleic acids. Cold Spring Harbor Symp. Quaint. 
Biol. 7; 83-90. 
85 
Geiduschek, E. P. 1962. On the factors controlling the reversi­
bility of DNA denaturation. J. Mol. Biol. 4: 467-487. 
Harris, A. B. and R. Warburton. 1966. One dimensional resolution 
of nucleic acid bases on cellulose layers. Nature 212: 1359-1.360. 
Helrastetter, C. E. 1967. Rate of DNA. synthesis during the division 
cycle of Escherichia coli B/r. J. Mol. Biol. 24: 417-427. 
Helmstetter, C. E. and S. Cooper. 1968. DNA synthesis during the 
division cycle of rapidly growing Escherichia coli B/r. J. 
Mol. Biol. 31^: 507-518. 
Herbert, D., R. Elsworth and R. C. Telling. 1956. The continuous 
culture of bacteria: a theoretical and experimental study. 
J. Gen. Microbiol. 3^; 601-622. 
Hill, L. R„ 1966. An index to deoxyribonucleic acid base composi­
tions of bacteria species J. Gen. Microbiol. 419-437. 
Hirschman, S. Z. and G. Felsenfeld. 1966. Determination of DNA 
compositions and concentration by spectral analysis. J. Mol. 
Biol. 3^: 347-358. 
Hirschman, S. Z., M. Gellert, S. Palkow and G. Felsenfeld. 1967. 
Spectral analysis of the intramolecular heterogeneity of DNA. 
J. Mol. Biol. 469-477. 
Huang, P. C. and E„ Rosenberg. 1966. Determination of DNA base 
composition via depurination. Analyt. Biochem. 1^: 107-113. 
Josse, J., A. D. Kaiser and A. Kornberg, 1961. Enzymatic syn­
thesis of deoxyribonucleic acid. VIII. Frequencies of near­
est-neighbor base sequences in deoxyribonucleic acid. J. Biol. 
Chem. 236: 864-875. 
Krieg, R. E., Jr. 1968. Characterization of the DNA of microorgan­
isms. Unpublished Ph.D. thesis. Library, Iowa State University 
of Science and Technology, Ames, Iowa. 
Kubitschek, H. E., H. E. Bendigkeit and M. R. Loken. 1967. Onset 
of DNA synthesis during the cell cycle in chemostat cultures. 
Natl. Acad. Sci., Proc. 1611-1617. 
Lark, C. 1966. Regulation of DNA synthesis in Escherichia coli: 
dependence of growth rates. Biochim. Biophys. Acta 119: 517-525. 
Lark, K. G. and R. Bird. 1965. Premature chromosome replication 
induced by thymine starvation: restriction of replication to one 
of the two partially completed replicas. J. Mol. Biol. 13: 607-610. 
Lark, K„ G., T. Repko and E. J. Hoffman. 1963. The effect of amino acid 
deprivation on subsequent DNA replication. Biochim. Biophys. 
Acta 76: 9-24. 
86 
McVil.jf^ci, O. ami N. i). Kj».^ UUj;uvrd. t.\)mvol <.>t mi\o roflio U'l-ii I ai: 
syntluisis: A sludy of DNA, KNA, and protein synthesis in liac-
leria. W. A. lîenjamin, Inc. New York, N. Y. 
MacGee, J. 1966. Determination of nucleic acid base ratios by 
gas-liquid chromatography. Analyt. Biochem. 14: 305-314. 
Mahler, H. R., B. Kline and B. D. Mehrotra. 1964, Some observa­
tions on the hypochromism of DNA, J. Mol. Biol. 9^: 801-811. 
Mande1, M. and J. Marmur. 1968. Use of ultraviolet absorbance-
temperature profile for determining the guanine plus cytosine 
content of DNA. In Grossman, L. and K. Moldave, eds. Methods 
in enzymology. Vol. 12. Part B. Pp. 195-206. New York, 
N. Y., Academic Press, Inc. 
Mande1, M., C. L. Schildkraut and J. Marmur. 1968. Use of CsCl 
density gradient analysis for determining the guanine plus 
cytosine content of DNA. In Grossman, L. and K. Moldave, eds. 
Methods in enzymology. Vol. 12. Part B. Pp. 184-195. 
New York, N. Y., Academic Press, Inc. 
Marmur, J. 1961. A procedure for the isolation of DNA from micro­
organisms. J. Mol. Biol. 2= 208-218. 
Marmur, J., S. Falkow and M. Mande1. 1963. New approaches to bac­
terial taxonomy. Ann. Rev. Microbiol. 17.: ^29-372. 
Marmur, J. and P. Doty. 1962. Determination of the base composi­
tion of deoxyribonucleic acid from its thermal denaturation 
termperature. J. Mol, Biol. 5^: 109-118. 
Marmur, J., R. Rownd and C. Schildkraut. 1963. Denaturation and 
renaturation of deoxyribonucleic acid. In Davidson, J. N. and 
W. E. Cohn, eds. Progress in nucleic acid research. 
Pp. 232-301. Academic Press, Inc., New York, N. Y. 
Martin, M. A. and B. H. Hoyer. 1967. Adenine plus thymine and 
guanine plus cytosine enriched fractions of animal DNAs' as 
indicators of polynucleotide homologies. J. Mol. Biol. 
27: 113-129. 
Massie, H. R. ajid B. U. Zimm. 1965. Molecular weight of the DNA in 
the chromosomes of E. coli and B. subtilis. Natl. Acad. Sci., 
Proc. 54: 1636-1641. 
McCarthy, B. J. and B. T. lîolton. 1^)61 An ap)proach to the meas­
urement of genetic relatedness among organisms. Natl. Acad. 
Sci., Proc. 50: 156-164. 
87 
Meselson, M., and F, W. Stahl. 1958. The replication of DNA in 
Escherichia coli. Natl. Acad. Sci., Proc. 44: 671-682. 
Miyazawa, Y. and C. A. Thomas, Jr. 1965. Nucleotide composition of 
short segments of DNA molecules. J. Mol. lîiol. IJ: 223-217. 
Moore, R. P. 1969. Influence of temperature on macromolecular 
composition of Escherichia coli. Unpublished Ph.D. thesis. 
Library, Iowa State University of Science and Technology, 
Ames, Iowa. 
Nagata, T. 1963. The molecular synchrony and sequential replica­
tion of DNA in Escherichia coli. Natl. Acad. Sci., Proc. 
49; 551-559. 
Oishi, M., H. Yoshikawa and N. Sueoka. 1964. Synchronous and di-
chotomous replications of the Bacillus subtilis chromosome 
during spore germination. Nature 204 ; 1069-1073. 
Pritchard, R. H. aaid K. G. Lark. 1964. Induction of replication 
by thymine starvation at the chromosome origin in Escherichia 
coli. J. Mol. Biol. 9: 288-307. 
Rhodes, W. 1961. Hypochromism and other spectral properties of 
helical polynucleotides. J. Amer. Chem. Soc. 8^: 3609-3617. 
Schildkraut, C. and S. Lifson. 1965. Dependence of the melting 
temperature of DNA on salt concentration. Biopolymers 
3: 195-208. 
Schildkraut, C. L., J. Marmur and P. Doty. 1961. The formation of 
hybrid DNA molecules and their use in studies of DNA homolo­
gies. J. Mol. Biol. 3: 595-617. 
Schildkraut, C. L., J. Marmur and P. Doty. 1962. Determination of 
the base composition of deoxyribonucleic acid from its buoyant 
density in CsCl. J. Mol. Biol. 4: 430-443. 
Silvestri, L. G. and L. R. Hill. 1965. Agreement between deoxyri­
bonucleic acid base composition and taxonometric classifica­
tion of gram-positive cocci. J. Bacteriol. 90: 136-140. 
Sneiith, P. II. A. 1964. Comparative biochemical genetics in bac­
terial taxonomy. In I^one, C. A., ed. Taxonomic biochemistry 
and serology. Pp. 565-583. Ronald Press, New York, N. Y. 
Sueoka, N. 1961. Variation and heterogeneity of base composition 
of deoxyribonucleic acids : a compilation of old and new data. 
J. Mol. Biol. 3: 31-40. 
88 
Sueoka, N., J. Marmur and P. Doty. 1959. Heterogeneity in deoxy­
ribonucleic acids. II. Dependence of the density of deoxy­
ribonucleic acids on guanine-cytosine. Nature 183: 1429-1431. 
Tinoco, I., Jr. 1960. Hypochroxaism in polynucleotides. J. Amer. 
Chem. Soc.. 4785-4790. 
T'so, P. O., G. K. Helmkamp and C. Sanders. 1962. Interaction of 
nucleosides and related compounds with nucleic acids as indi­
cated by the change of helix-coil transition temperature. 
Natl. Acad. Sci., Proc. 686-695. 
Vinograd, J. and J. E. Hearst. 1962. Equilibrium sedimentation of 
macromolecules and viruses in a density gradient. Fortschr. 
Chem. Org. Naturstoffe. 20: 372-422. 
Votavova, H., J. Sponor and Z. Sormova. 1968. Comparison of het­
erogeneity of deoxyribonucleic acids of different origin by 
the method of hyperchromic spectra. Collection Czechoslov. 
Chem. Commun. 3^: 4356-4368. 
Weaver, J. R. and P. A. Pattee. 1964. Inducible resistance to er­
ythromycin in Staphylococcus aureus. J. Bacterid. 
88: 574-580. 
Wright, D. N. 1964. Physiological characteristics of Escherichia 
coli in various states of balanced growth. Unpublished Ph.D. 
thesis. Library, Iowa State University of Science and Tech­
nology, Ames, Iowa. 
Wright, D. N. emd W. R. Lockhart. 1965. Environmental control of 
cell composition in Escherichia coli. J. Bacterid. 
89: 1026-1031. 
Wu, R. and A. D. Kaiser. 1967. Mapping the 5'-terminal nucleo­
tides of the DNA of bacteriophage h and related phages. Natl. 
Acad. Sci., Proc. 57_: 170-177. 
Yoshikawa, H., A. O'Sullivan and N. Sueoka. 1964. Sequential rep­
lication of the Bacillus subtilis chromosome. III. Regula­
tion of Initiation. Natl. Acad. Sci., Proc. 5^: 973-980. 
Yoshikawa, M. and N. Sueoka. 1963a. Sequential replication of 
Bacillus subtilis chromosome. I. Comparison of marker fre­
quencies in exponential and stationary growth phases. Natl. 
Acad. Sci., Proc. 49_: 559-566. 
Yoshikawa, H. and N. Sueoka. 1963b. Sequential replication of 
Bacillus subtilis chromosome. II. Isotopic transfer experi­
ments. Natl. Acad. Sci., Proc. 806-813, 
89 
ACKNOWLEDGMENTS 
I would like to express my appreciation to my major professor. 
Dr. William R. Lockhart, for his advice and counsel throughout 
this doctoral program; to my graduate committee for their guidance ; 
and to my wife and family for their patience sind understanding 
throughout my graduate study. 
90 
APPENDIX 
Theory. The theory and derivation of the mathematical method 
used for analysis of the spectral changes that occur with helix —>• 
coil and helix-»nucleotide transitions of DNA. are set forth by 
Felsenfeld and Hirschmem (1965), They point out that in all pre­
vious analyses (Felsenfeld and Sandeen, 1962; Fresco, et , 1963; 
Mahler, e^ al., (1964) it has been assumed that, in the range of 
I ! 
base compositions studied in a given experiment, the contributions 
of A-T and G-C base pairs to hypochromism are linearly additive and 
independent of the neighboring base pairs in the helix and that the 
numerical values of the contributions were obtained at least in part 
by an analysis of spectral data derived from denaturation of bacte­
rial DNA's within the framework of the linear approximation. The 
problem with this point of view is that it is difficult to estimate 
exactly how satisfactory a linear approximation is when deviations 
from linearity cannot be accounted for within the theory and second­
ly, there is good reason to believe that the physical source of hy­
pochromism is the interaction among base pairs along the helix 
(Tinoco, I960} Rhodes, 1961). Felsenfeld and Hirschman developed a 
new set of equations in which "near neighbor" contributions to hy­
pochromism were considered. They assumed that when a base pair is 
disrupted by dénaturation, hyperchromism arises from the loss of in­
teraction with neighbors and that hypochromism arises from these in­
teractions. They also assume that all nucleotides along a chain oc­
cur with random frequency appropriate to the overall base composition 
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of the nucleic acid. This has permitted the description of the in­
teractions between bases by the use of three spectral parameters at 
each wavelength, which correspond to the interaction between any two 
A-T pairs, the interaction between any two G-C pairs, and the inter­
action between an A-T pair and a G-C pair. Each of the three para­
meters is an average of the contributions from all of the configura­
tions involving varying relative orientations of the corresponding 
base pairs; the assumption of randomness assures that each config­
uration makes a fixed fractional contribution to the interaction 
constant. 
If one considers the disruption of a helical region j; with a 
mean base composition given by the mole fraction of A-T pairs 0, 
and a total nucleotide concentration of C^, and assuming that the 
A-T and G-C pairs are distributed randomly, then the concentration 
of dinucleotide configurations involving A-T base pairs adjacent to 
other A-T pairs is C.0^.. The concentration of configurations with 
^ ^ 2 
G-C pairs adjacent to G-C pairs is C^(1 - 0.) , and the concentra­
tion of configurations with an A-T pair next to a G-C pair is 
2Cj0j(l - 0j). It is also necessary to assume that all interactions 
among the base pairs of the helix occur in pairs and that the per­
turbing effect of each neighbor on a given base pair be independent 
of other neighbors. 
Given the aforementioned assumptions then, one may write the 
absorbance increase AAi^, excising at wavelength Ai from disrup­
tion of the region j, in terms of a large set of spectral 
92 
parameters, €^, ^ QGi* ^AGi' ^AAi partial con­
tribution arising at X i from AT - AT interaction involving a par­
ticular orientation and separation, € Qgi is a similar term for 
GC - GC.interactions, and for AT- GC interactions. It is ap­
parent then that in a random sequence, the fraction of all AT-AT in­
teractions, for example, corresponding to is independent of 0, 
so that 
A Ai 
The equation can be rewritten by replacing the sums of the interac-
tions «àth ^AGi ^GGi 'Seggi, and 
^AGl / («AAi + «GGl' = tkat 
^A1 = C {06^. + (1 - 0)€^, * 0(0 - 1)[(1 - 2Ki)( 6^ 
(eq.2) 
A large number of bacterial DNA's were used to obtain a least-
squaxes best fit to this set of equations, yielding values of 
f and Ki at 5 nm intervals between 220 and 290 nm. This was 
^GGi 
possible because 0 is known for each DNA, and each DNA has a rela­
tively narrow variation of base composition about the mean. A rea­
sonable measure of small deviations from randomness can be obtained 
by introducing a third parameter, 6, into the last term of the 
equation as 
0(0  - 1 + 6){(1 - 2Ki)(g^ -"€031'} 
Randomness, or rather agreement with the bacterial DNA samples used 
to obtain values of £ , g and Ki, corresponds to zero. 
AAi' QGi 
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Equation 2, with & included, may be rearranged to the form: 
aAi = (eq. 3) 
where o<.. = (1 - 2Ki)( 6^^ + 
P'- ~ ^AAi ^GGi) - ^GGi) 
^ " ^QGi 
and X = C(0^ + g>0) 
Y = C0 
Z = C 
o</, ajid y/ are the spectral parameters that were solved for at 
each wavelength with the large number of bacterial DNâ's. It should 
also be pointed out that equation 2 may be used equally well to an­
alyze spectra of native or denatured DNA by the introduction of the 
appropriate values for ^cGi Ki. 
The more elaborate quadratic equation (2) reduces to a simple 
linear expression when Ki approximates J/2, a situation which occurs 
at most wavelengths in the hyperchromic spectrum. In that case, 
equation 3 reduces to a linear equation in two unknowns, since 
otjAfO, and ^QGi* cases where the two term 
method was used, the spectral parameters reported were obtained 
from the linear least squares fit to the calibrating data from bac­
terial DNA's. 
Computations for the Denatured DNA Spectra. (Felsenfeld, 1968). 
The sample is then completely denatured by raising the temperature 
until no further increase in absorbancy is observed, and the ab-
sorbance then is recorded for each of the wavelengths and 
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designated ^ 250* ^60* ^ 270 "^280* absorbance values are 
corrected for thermal expansion of solvent, using the ratio of the 
specific volume of water at the temperature of measurement to the 
specific volume at 4 C. Using the spectral parameters for the two 
term denatured spectra in Table la & b, the following computations 
are made : 
"2 ®2^i A - ^250 * ^250 ^260 ' ^260 ^270 *^270 ^280 * ^280 
"3 "^^i ^ i ~ ^250* ^250 ^260 ' X260 ^270*^270 ^280*^280 
C = UgL^ + UgL2 
C0 = UgLg + U3L1 
Table 1. Pareuneters for the two-term analysis of denatured DNA 
spectra. 
a) X,nm Yi 
250 -2669 9703 
260 - 282 9397 
270 -1066 8387 
280 -2887 6615 
multiply each term by 10~® 
b) Ll 3.2466 
^2 0.9568 
L3 17.0129 
where C is the DNA concentration in moles of nucleotide per liter, 
and 0 is the overall mole fraction of A-T pairs. The overall %G+C 
ratio is computed by the relation: %G+C si - C0 / C. The three-
term analysis of denatured DNA spectra is calculated in a similar 
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maimer. Consulting Table 2a & b for values of o(.±, and 3^i, the 
following calculations can then be made. 
^1 =ZA.i Q6i = A^240' ^240 ^8o' ^ 280 
^2 =XAi^i = ^240 ' X^240 + ^280'/^280 
"3 =ZA.i yi = A24O*V240 + ^2B0'^2Q0 
C0 = u^S^ + UgSg + UgSg 
C = U^S^ + UgSg + U3S5 
Table 2. Parameters for the three-term analysis of denatured DNA 
spectra. 
a> A,nm A: i Yi 
240 -2745 -1545 7210 
250 2354 -4786 10154 
260 1090 -1263 9606 
270 3095 -3849 8980 
280 1705 -4421 6942 
lilmltiply each term by 10-7 
b) Si 0.5473 S4 0.0897 
Sg 1.2806 Sg 0.1550 
s„ 0.3879 0.7620 3 6 
S, the measure of randomness, is computed by the relation: 
6 = + UgS^ + UgS^ - C0^ / C0 
In summary, the two and three term denatured spectra provide a 
means of calculating the DNA concentration in moles of nucleotide 
per liter, the overall %G+C ratio and 6, the measure of rsmdomness. 
Computations for the Hyperchromic DNA Spectra. The two term 
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analysis is computed similarly to that of the denatured spectra. 
The absorbance of a native sample of DNA. is measured at 250, 260, 
270 and 280 nm. The sample is then denatured by raising the tem­
perature and measuring the absorbance at one degree increments. 
This is continued until the seunple is completely denatured. Again, 
all absorbance values are corrected for solvent expansion. The dif­
ference between the initial absorbance and the absorbance at each 
temperature increment for each wavelength is employed in a calcula­
tion using the parameters given in Table 3a & b, in the following 
manner. 
Table 3. Parajneters for the two-term analysis of hyperchromic DNA 
spectra» 
a) A.nm ^i 
250 
260 
270 
280 
1388 
-629 
-24.22 
43 2264 
1981 
2892 
2920 
multiply each term by 10"® 
b) Li 3.4359 
Lg 4.6556 
Lg 14.7455 
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The fraction of total A-T pairs denatured at each given temperature, 
t, is then computed as: FA.T(t) " *"^(t) ^ ^ the tem­
perature at which deiiaturation is complete. Similarly, the fraction 
of total G-C pairs denatured at each temperature is computed as ; 
The three-term analysis of the hyperchromic spectra involves a 
large number of wavelengths (220 to 290 nm, in 5 nm increments). 
Table 4a & b contains the parameters for this computation. The com­
putation is exactly the same as the three-term denatured analysis 
except that ajid S are calculated for each temperature in­
crement, and absorbance differences from the initial value are used. 
In summary, the two and three term hyperchromic analyses pro­
vide a means of not only calculating the DNA concentration, overall 
%G+C ratio and &, but also the F. and F _ pairs. denatured in each 
AT GC 
temperature increment. 
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Table 4. Parameters for the three-term analysis of hyperchromic 
DNA. spectra. 
Ainm oL i 
•
H 
220 -542 188 1753 
225 -180 -837 1690 
230 494 -1758 2068 
235 -257 -1179 2214 
240 -1501 277 2060 
245 -941 241 2173 
250 102 -58 2287 
255 -541 1403 1983 
260 319 1069 2055 
265 -731 1468 2169 
270 -595 -34 2754 
275 -203 -1600 3104 
280 -160 -2261 2882 
285 1045 -2991 2341 
290 -149 -989 1123 
multiply each term by 10 
b) 0.8550 S 0.5311 
Sg 0.6643 S3 0.2535 
S3 0.2534 S, 2.9691 
